Tropical America (the Neotropics) harbours more plant species than any other region on Earth. The contribution of rare species to this diversity has been recently recognised, but their spatial distribution remains poorly understood. Here, we use all collection records of angiosperms from the Global Biodiversity Information Facility to delineate Neotropical bioregions, and to identify putatively rare species within the Neotropics and the Amazonian rainforest. We analyse the spatial distribution of these species and validate the results on a largely independent dataset based on vegetation plots from the Amazon Tree Diversity Network. We find that rare species are homogeneously distributed through most parts of the lowland Neotropics and Amazonia, but more concentrated in highlands. The second collection of any rare species is most often found in the close vicinity of the first, but in 20% of cases they are more than 580 km apart. We also find cross-taxonomic patterns of disjunct distributions within the Andes, the Atlantic forest in eastern Brazil, and between Amazonia and the Atlantic forest, but no clear disjunction patterns within lowland areas. These results suggest that a considerable proportion of rare plant species have surprisingly large distribution ranges, and that collections of rare species across most of the lowland Neotropics, and in particular in Amazonia, show no clear directionality. The second record of many rare species may be found virtually anywhere, urging the need for intensifying and broadening biological sampling.
Introduction
The globally outstanding biodiversity of tropical America (the Neotropics) is unevenly distributed and still poorly known (Hopkins 2007 , Hubbell et al. 2008 , Feeley and Silman 2011 , Feeley 2015 . Among all Neotropical biomes, the Amazonian rainforest (Amazonia) is the most prominent and species-rich, covering about 40% of the whole region. Ecological theory (Hubbell 2001) and recent taxonomic surveys (ter Steege et al. 2016 ) predict the Amazonian flora to be composed of a tiny proportion of hyperdominant, and a vast proportion of rare species. ter Steege et al. (2013) estimated a total of 16 000 tree species in Amazonia, with half of all individuals belonging to a mere 227 species, while as many as 6000 species may have populations of less than 1000 individuals. These exceedingly rare and thereby possibly endangered species (Hubbell et al. 2008 , Feeley and Silman 2009 , ter Steege et al. 2015 are of key importance for conservation, but it remains unclear how they are spatially distributed (but see Pitman et al. (1999 Pitman et al. ( , 2001 ) for case studies from Ecuador and Peru).
Here we use new bioinformatics tools together with all collections available for angiosperms from the Global Biodiversity Information Facility (GBIF), to identify plant species thought to be rare based on the number of occurrence records available, and to analyse their spatial distribution in the continental Neotropics, with focus on Amazonia. Specifically, we ask three questions related to the geography of rare species: 1) where are rare species located? 2) how far apart are the collections of a rare species from each other? 3) are there general patterns of geographic disjunctions across taxa in rare species? Since data available from GBIF are known to contain taxonomic and geographic errors and biases (Maldonado et al. 2015 , Meyer et al. 2016 , we validate our results with a nearly independent dataset from vegetation plots of the Amazon Tree Diversity Network (ATDN) based on ter Steege et al. (2013) . We use this comparison to discuss the suitability of collection data to assess species rarity.
Material and methods

Occurrence data
We downloaded all geo-referenced occurrences of angiosperms ('Magnoliophyta') from central and south America from GBIF (< www.gbif.org >; doi:10.15468/dl.om11gi downloaded March 2016). We only included collections without known coordinate issues, based on observations and specimens, and used the 'CleanCoordinateLarge' function of the sampbias package (< https://github.com/azizka/ sampbias_beta/tree/master >) in R (R Core Team) to remove potentially erroneous coordinates. These included numerical invalidities (e.g. 'NULL' or longitude  180), equal latitude and longitude, sea coordinates, plain zeros, and occurrences in a radius of 0.2 degrees around country capitals, 0.7 degrees around country centroids and 0.01 around province centroids (Maldonado et al. 2015) . In cases of multiple collections from one species with identical coordinates, we kept only one record and removed the others as duplicates. We used the taxonomic name resolution service (Boyle et al. 2013) for taxonomic cleaning of the dataset (addressing e.g. synonymisation and misspellings). We resolved invalid or synonymous names to accepted names, included only species that could be unambiguously matched with an accepted name, and merged intra-specific ranks on species level.
Finally, we compared the results from the collection and observation-based GBIF dataset with the plot-based, expert-curated dataset from ter Steege et al. (2013) based on ATDN vegetation plots. This dataset (ATDN hereafter) can be regarded as very high quality data with less collection bias, but with reduced coverage geographically (1170 individual vegetation survey plots of between 0.5-1 ha size each, throughout entire Amazonia), as well as taxonomically and ecologically (only trees with diameter above 10 cm). There is no direct mechanism adding data from ATDN into GBIF, so we consider the ATDN data nearly independent with the exception of occasional records/plots entering GBIF through associated datasets.
Study areas
We classified the GBIF collections into two study areas using SpeciesGeoCoder (Töpel et al. 2016) in R: Neotropics and Amazonia. We followed the definition of Morrone (2014) as provided by Löwenberg-Neto (2014) for the Neotropics and ter Steege et al. (2013) for the definition of Amazonia. To further validate this delimitation of Amazonia, we performed a bioregionalisation analysis using bipartite network clustering as implemented in the Infomap Bioregions software (Vilhena and Antonelli 2015, Edler et al. 2016) . This method delimits bioregions based on species distributions, using the Infomap algorithm (Rosvall and Bergstrom 2008) to identify clusters in a bipartite network linking species and locations. We ran the bioregionalisation on the cleaned GBIF collections in the Neotropics, and adapted the following settings: max cell capacity  1000 and min cell capacity  200 to avoid excessive splitting into minimum-cell-size bioregions artefactual to sampling effort, and number of trials = 5 for stochastic repetition. See < http://bioregions.mapequation.org/ > for an explanation of these settings and further software documentation.
Data processing
We extracted all species with one or two spatially unique collections in the Neotropics and Amazonia, and visualized their distribution in a one-degree-grid. We defined these species as 'putatively rare' (referred to as rare hereafter), since the low number of collections is generally likely to reflect rareness (but see discussion below). We calculated the fraction of rare species collections on the total number of collections available per grid-cell to account for sampling effort. Although there are more complex methods to account for sampling effort (Hopkins 2007 , Schulman et al. 2007 ), they are often unsuitable for species with very few collections. We related the fraction of rare species collections per gridcell to elevation, by classifying each grid-cell as 'highland' or 'lowland' based on a mean elevation threshold of 1000 m and elevation data from the GEBCO 2014 Grid (GEBCO 2016) . This threshold corresponds to the approximate upper limit of the tropical lowland habitats and the lower limit of subtropical montane habitats in the Neotropics (Weir 2006) . We compared the areas assuming equal area for all grid-cells using analysis of variance. Additionally, we used a set of spatial autoregressive models with different neighbourhood distances via the 'errorsarlm' function of the spdep package in R (Bivand et al. 2013 ) and a distance-residual correlogram to evaluate the effect of spatial autocorrelation on the Anova results.
We calculated the distance between the collections of species with exactly two collections (doubletons) as the spherical distance using the packages maptools (Bivand and Lewin-Koh 2016) , raster (Hijmans 2015) , geosphere (Hijmans 2014) and fossil (Vavrek 2011) in R. To explore potential cross-taxonomic patterns in disjunct distributions of rare species, we extracted the 20% most disjunctly distributed rare species (referred to as disjunct rare species hereafter), and visualized their distribution using the ggplot2 (Wickham 2009 ) and viridis (Garnier 2016 ) packages in R. For ATDN we considered species as putatively rare if they occurred in one or two plots, irrespective of the number of occurrences in each plot, and calculated the distance between collections as the spherical distance between the respective plots. The list of rare species and the distance between the collections of doubletons can be found at < https://doi.org/10.5281/zenodo.125594 >.
Specimens of rare species are likely to be misidentified, lumped with more common and well-known species (Ahrends et al. 2011) . We assessed the impact of this identification bias on our results by a series of simple simulation experiments: we reassigned 1-50% of the collections in each GBIF dataset with false species names, and chose the false names in 50% of cases from the same genus as the true name, in 30% of cases from the same family, and in 20% of cases from any species in the dataset. Thus, we simulated 'misidentification' so that collections were more likely to be misidentified as species from the same genus or family, and often misidentified as species with many collections (i.e. common species). We repeated these simulations for both study areas incorporating 1, 5, 10, 20 and 50% of misidentifications (100 replicates each), while keeping the relative proportion of taxonomic constraints (at genus and family level) as specified above. These analyses allowed us to assess the influence of misidentification on the number of rare species identified and the distance between the collections of disjunct rare species.
Data and code available from Zenodo Data Repository: < http://dx.doi.org/10.5281/zenodo.247243 > (Zizka et al. 2016) . 
Results
Delimitation of Amazonia
Geographic distribution of rare species
The cleaned GBIF datasets included 1 583 751 unique collections from 67 297 species for the Neotropics and 428 416 collections from 26 315 species for Amazonia. We identified 19 921 species (30%) as putatively rare within the Neotropics and 10 080 species (38%) as putatively rare within Amazonia. Within the Neotropics, collections of rare species were mainly clustered in the montane areas of central America, the northern Andes, the Guiana shield and the Atlantic forest in eastern Brazil (Fig. 2A) . The fraction of rare species collections per grid-cell was relatively low and homogeneous throughout the lowland Neotropics: in 50% of the grid-cells the fraction was below 0.016 and in 96% below 0.1. High fractions of rare species collections occurred in the above mentioned mountain ranges, close to the south-western limit of the Neotropics along the border of the study area (Fig.  2B) , and scattered throughout the Neotropics in areas with very low numbers of total collections.
Within Amazonia most collections of rare species were in the sub-Andean region and on the Guiana shield, and in few areas scattered across the study area (Fig. 2C) . Similarly, the fraction of rare species collections was slightly elevated in the 325 sub-Andean region and on the Guiana shield but otherwise relatively low and constant throughout Amazonia (Fig. 2D ): in 50% of the grid-cells the fraction of rare species collections was below 0.025 and in 96% below 0.1. Out of the 25 grid-cells within Amazonia with a fraction of rare species collections higher than 0.1 (dark blue to dark purple in Fig.  2D ), 20 had less than 100 total collections; the remaining five grid-cells were either linked with mountains, or occurred along the border of the study area. The fraction of rare species was significantly higher in highland than in lowland areas in the Neotropics and in Amazonia. In the Neotropics the mean fraction was 0.06 in highlands and 0.02 in lowlands (F 1,1264  183.6, p  0.001; median 0.04 and 0.01; Fig. 2E ) and for Amazonia the mean fraction was 0.09 in highlands and 0.04 in lowlands (F 1,491  15.04, p  0.001; median 0.07 and 0.02; Fig. 2F ). We found no significant effect of spatial autocorrelation on these results.
Disjunctions in rare species
We found 7420 doubletons in the Neotropics and 3319 in Amazonia. The frequency distribution of the distance between their localities was negative exponential for both study areas (Fig. 3A, B) and also for ATDN (Fig. 3E) . Half of all locality pairs were found within 96 km in the Neotropics and within 163 km in Amazonia. However, 20% were located far apart ( 588 km and  800 km, respectively) and 5% very far apart ( 1776 km and  1786 km, respectively). For disjunct rare species, most links within the Neotropics occurred within the Andes, within the Atlantic forests in eastern Brazil, and between the Atlantic forest and Amazonia (Fig. 3C) . Within Amazonia most links occurred in the sub-Andean region, but no clear pattern emerged for large parts of Amazonia (Fig. 3D, F ). There were 530 doubletons in ATDN and the distance between their collections was very similar to GBIF, with half of all rare tree species located within 134 km, 20% located more than 998 km and 5% more than 1967 km apart (Fig. 3E ). There were no clear cross-taxonomic patterns in the link between the collections of ATDN doubletons (Fig. 3F) . Table 1 shows a comparison of the Amazonian datasets derived from GBIF and ATDN. The total GBIF dataset comprised six times as many species as ATDN; 84% of the species present in ATDN were also present in GBIF, whereas only 16% of the species present in GBIF were also present in ATDN. The percentage of rare species was similar between GBIF and ATDN (38 and 31%, respectively). The number of rare species in GBIF also present in ATDN was low (329 species, 3% of all rare species in GBIF). Of those species, 57% also classified as rare in ATDN, but 43% did not. Those species were generally only occurring in marginally fewer plots than average and they were only little less abundant in these plots (Table 1) . In fact, some of them were locally very abundant.
Comparison between GBIF and ATDN data
Influence of misidentifications
The number of species identified as putatively rare and the distance between disjunct rare species collections responded linearly to the degree in of misidentifications. On average the number of rare species collections in the Neotropics decreased by 12% (0.6% in Amazonia) at a 1% level of misidentification and by approx. 30% (24% in Amazonia) at 50% misidentifications (Supplementary material Appendix 2, Fig. A4 ). The distance between disjunct rare species collections was more sensitive to misidentifications in both areas, with an increase of 11% at 1% misidentifications in the Neotropics and an increase by 4% in Amazonia. At 50% misidentifications, the distance increased 7-fold in the Neotropics and 2.5-fold in Amazonia.
Discussion
Delimitation of Amazonia
The bioregionalisation analysis for Neotropical plants largely confirms the definition of Amazonia used by ter Steege et al. (2013) , except for a north-western extension and a reduction along the south-eastern margin (Fig. 1) . This analysis indicates that the delimitation of Amazonia used by ter Steege et al. (2013) is to a large extent taxonomically supported, and clearly distinct from other Neotropical regions. The analysis also identifies several bioregions that closely match commonly recognised biomes and ecoregions such as the Cerrado, the humid Pampas and the Chaco (Olson et al. 2001) (Supplementary material Appendix 2, Fig. A1 ).
Spatial patterns of rare species
The total number of rare species collections per grid-cell shown in Fig. 2A and C correlates with patterns of total plant species richness (Kreft and Jetz 2007) , but also reflects sampling effort (Supplementary material Appendix 2, Fig. A2 ; Nelson et al. 1990 , Schulman et al. 2007 , Feeley 2015 . In contrast, the fraction of rare species collections (Fig. 2B, D) seems less affected by sampling effort, suggesting centres of rare species within the Neotropics, in particular in the montane regions, consistent with expected and known centres of endemism (Kruckeberg and Rabinowitz 1985 , Gentry 1992 , Williams et al. 1996 , Kessler 2002 , Knapp 2002 . The conspicuous high fraction of collections from rare species along the southwestern margin of the Neotropics towards the high Andes and temperate south America (Fig. 2C) , might be caused by immigration from species from neighbouring ecoregions. The lower and relatively constant fraction of rare species collections in the lowland Neotropics and lowland Amazonia (Fig. 2E, F) suggests that factors influencing rarity might operate relatively uniformly throughout these areas, but might be different in montane regions, possibly related to higher topographic and habitat heterogeneity (Higgins et al. 2011 ).
Disjunctions in rare species
The negative exponential distribution of the distances between the collection doubletons was expected, and is concordant with neutral theory (Hubbell 2001) . Large distribution ranges have been reported for species in Amazonia (Pitman et al. 1999 (Pitman et al. , 2001 ), but the very large distance between the collections of many rare species is particularly interesting (Fig. 3A, B) . The biological processes underlying these large distances remain elusive, and it is unclear if these mostly represent species with large ranges and very low or scattered distribution (potentially related to adaptions to specific topographic, edaphic, or ecological conditions or biotic interactions), long distance dispersal or relicts of larger distributions. However, some of them may also reflect incomplete or uneven collection effort or misidentifications, although these problems should have already been minimised in the curated ATDN dataset. The observed larger median distance between collections in Amazonia compared to the entire Neotropics might be related to the more homogeneous environment and/or the absence of mountains as dispersal barriers in lowland Amazonia (Pitman et al. 1999 , Higgins et al. 2011 ). The observed common disjunctions within and among mountain ranges (e.g. the Andes and coastal eastern Brazil, central America and the Andes) as well as between Amazonia and the coastal regions of eastern Brazil (Fig. 3C ) confirm known taxonomic affinities within and between these regions (Gentry 1982) . The contrasting absence of clear directionality and cross-taxonomic clusters in disjunctions within rare disjunct species, in large parts of both study areas, is particularly interesting and a major result of this paper. This suggests that in many cases the second record of a rare species can be found virtually anywhere.
Reliability of results
We use a threshold of less than three collections in the GBIF datasets to identify putatively rare species. The data downloaded from GBIF are compiled from a large variety of data collectors and data contributors ( 1900 in this case; < doi:10.15468/dl.om11gi > for a detailed list of data contributors), mainly from herbarium specimens and human observations. The advantages of using GBIF for biodiversity analyses are unprecedented amounts of occurrences and an exhaustive spatial coverage, but concerns on data quality and the impact of sampling biases have been raised (Maldonado et al. 2015 , Meyer et al. 2016 . We addressed the issues of geographic and taxonomic data quality by intensive, automated cleaning.
The question remains on how accurately our approach can identify species that are actually rare in the ecological sense. There is a large number of approaches to identify rarity (Rabinowitz 1981 , Kruckeberg and Rabinowitz 1985 , Flather and Sieg 2007 , Espeland and Emam 2011 . The number of collection records is a feasible and informative approach on large scales, but there are other factors causing low record numbers for some species, namely sparse overall sampling, sampling biases, and bias in species identification. Most parts of the Neotropics, and in particular Amazonia, are generally very sparsely sampled (Nelson et al. 1990 , Schulman et al. 2007 , Tobler et al. 2007 , Feeley and Silman 2011 , Feeley 2015 . In the context of our analyses this might lead to an overestimation of the fraction of rare species and an underestimation of the number of rare species in sparsely sampled areas. Additionally, sampling effort generally increases with accessibility (Hijmans et al. 2000, Schulman et al. , Tobler et al. 2007 ) and available research infrastructure (Moerman and Estabrook 2006 , Hopkins 2007 , Meyer et al. 2015 of an area. Furthermore, botanical collectors are known to notoriously avoid abundant or hardto-sample species (such as large or spiny trees), but at the same time favour the collection of odd, rare species, often a single time (ter Steege et al. 2011) , generating geographic and taxonomic biases, and inflating the number of species with few collections (ter Steege et al. 2011 Steege et al. , 2016 . Furthermore, misidentification can bias the number of rare species collections (Knapp 2002 ) -especially as rare species with wide, disjunct distributions may be more prone to misidentifications. This could lead to an underestimation of the number of rare species, if rare species are erroneously lumped with more common (and well known) species. It is beyond the scope of this study to quantify the influence of these confounding and complex factors, but the comparison between the GBIF data to the largely independent ATDN data and the taxonomic randomization simulation gives a fair level of confidence to the results reported here. The comparison of the GBIF and ATDN datasets show similarities and differences. The ATDN data robustly support the finding of large distances between the collections for some rare species and the lack of patterns in the rare species disjunctions (Fig. 3E, F ). As for rare species identification, on the one hand only a small portion of the rare species in GBIF was found in ATDN and almost 60% of the species rare in GBIF and present in ATDN were also rare in ATDN (Table 1) . These results are encouraging, suggesting that most species identified as rare in GBIF might indeed be rare in the ecological sense. On the other hand, more than 40% of the species that were rare in GBIF and present in ATDN, are not rare in ATDN, suggesting that there might be a considerable number of false positives.
The reduced geographic coverage of ATDN is reflected in the facts that most of the rare species in GBIF are not picked up by ATDN, and that the majority of species identified as rare in ATDN are not rare in GBIF (Table 1) . However, this might also partly be due to the means of data collection and analysis. ATDN only includes individuals with a diameter (at breast height) above 10 cm, which might lead to a false classification of common treelet or shrub species as rare, just because they rarely grow trunks big enough to reach the detection threshold. Additionally, we consider species as rare in ATDN when they only occur in one or two plots, irrespective of the number of occurrences in each plot. While this approach increases the comparability between ATDN and GBIF, it might lead to a classification of locally abundant species as rare in ATDN.
The percentage of species identified as putatively rare by our approach are in the same range, but higher than the figures of Pitman et al. (1999 Pitman et al. ( , 2001 . Those authors found that 27% and 30% of species are represented by one individual in a network of vegetation plots in Peru and Ecuador, respectively, but considered only a minor proportion of these species as rare in the ecological sense, based on range-size and abundance (Rabinowitz 1981) . Thus the results on which species are ecologically rare should be interpreted carefully, especially in the context of the definition of rarity and of sampling effort (Supplementary material Appendix 2, Fig. A2 ).
The influence of misidentification bias on the number of rare species is moderate in both study areas, even at high levels of misidentification (Supplementary material Appendix 2, Fig. A4 ). While the simulations suggest that this influence could be more critical on the calculated distance between disjunct rare species, the comparison between the GBIF and the ATDN data shows that this effect is not very strong for this study, at least for Amazonia.
Conclusions
In summary, our results confirm long-held ideas in Neotropical ecology: that there are centres of rare plant species within the Neotropics, in particular in the montane regions. Our findings shed further light on this issue by showing that the fraction of rare species is relatively constant in large parts of the lowland Neotropics and Amazonia, and that some species, despite having very few collections, have surprisingly large distribution ranges. Moreover, we show that disjunct distributions of rare species are mostly linked within mountain ranges and in many cases largely unpredictable in lowland areas. Finally, the comparison to ATDN data suggests that GBIF can be used to successfully identify putatively rare species, at least to some extent. However, assessing true rareness is non-trivial and confounded by many factors, including sampling gaps and biases. Biotic inventories and taxonomic work in the field and in herbaria, despite being time and resource demanding, are therefore still key for understanding biodiversity, and providing the basic knowledge for its protection.
